Osteocyte is the most abundant cell type in bone, and the only cell type located inside the mineralized matrix. The striking structural design of bone predicts an important role for osteocytes in determining bone structure and function. Osteocytes are connected with each other via gap junctions and form a three dimensional cellular network in mineralized bone matrix. Recently, it has been shown that osteocytes are not only passive bystanders, but also have an active regulatory role in whole body phosphate and calcium metabolism. Osteocytes are cells which sense mechanical loading in bone. They respond to mechanical stimuli by producing and secreting several bioactive substances including nitric oxide and prostaglandins and thus transmit messages of loading to effector cells, like osteoblasts and osteoclasts. Present data suggest that osteocytes actively inhibit osteoclastic bone resorption. Whenever osteocytes die, this inhibitory effect is turned off and osteoclasts are activated. This mechanism of action could explain targeted remodeling in the region of stress induced microcracks happened. Osteocytes can also modulate osteoblasts function. In conclusion, osteocytes sense mechanical stimuli, transmit signals through cellular network and regulate osteoblast and osteoclast function during bone remodeling.
Introduction
The skeletal system is continuously subjected to repetitive loading due to weight bearing and muscle contractions. The loads imposed on bone determine its structure as described already in Wolff's law over one hundred years ago (1) . Bone is a dynamic tissue capable of adapting its structure to mechanical stimuli and repairing local structural damages by bone modeling and remodeling throughout the whole life. The bone modeling and remodeling processes are performed by basic multicellular units (BMU), which contain both bone resorbing as well as bone forming cells (2) (3) .
Osteocytes are the most abundant cell type in bone, being 10 times more abundant than osteoblasts (4) . The osteocyte is the only cell type inside mineralized bone matrix and human bone contains 13,900-19,400 osteocytes per mm 3 (5) . Average size of cell body is 10-15µm and they are regularly spaced throughout the mineralized matrix. Each osteocyte radiates approximately 50 cell processes (6) that run along small canaliculi and communicate with each other and with bone lining cells, osteoblasts and bone marrow cells (7) (8) . Osteocytes are thus ideally located to sense even minor changes in bone fluid flow and in 3-dimensional structure. They are the prime cellular candidates to initiate repairable responses culminating in remodeling and tissue adaptation. Sequences of bone remodeling process are described in Fig 1. In the beginning of remodeling process, osteoclasts migrate to the resorption site and start the resorption (Fig 1a) . Recent studies indicated that damaged or apoptotic osteocytes (represented by dark-colored cells in the figure) provide an important role in deciding where osteoclasts start bone resorption. This mechanism called as targeted remodeling is discussed in section 3.5. When resorption proceeds, osteoblasts follow osteoclasts and start bone formation (Fig 1b) gradually filling the resorption cavity with a new osteon (Fig 1c) . Bone synthetizing osteoblasts are already coupled to each other by gap junctions. During bone formation some of them become entrapped inside the matrix and gradually differentiate to osteocytes retaining gap junction mediated connections to surrounding cells (Fig 1d) .
In this review, we will discuss cell biological features as well as mechanical role of osteocytes in bone metabolism. Understanding unique features of osteocytes would inspire not only researchers working in life sciences but also engineers working on bone mechanics.
Biological characteristics of osteocytes
The current evidence shows that osteocytes are derived from osteoblasts. However, there are a lot of significant differences between osteocytes and osteoblasts. During osteocyte differentiation, the volume of cell body is reduced by about 30% during transition from a mature osteoblast to an early osteocyte, and further by about 70% when the osteocyte reaches full maturity (9) . They loose a large part of their cell organelles but gain long, slender cell processes by which these cells remain in contact with earlier embedded osteocytes, osteoblasts lining the bone surface, and bone marrow cells (8)(10) (11) .
The mature osteocyte is a stellate shaped cell. Cell body is enclosed within the small lacuna and slender long cellular processes reach into the canalicular system. Since bone matrix does not allow diffusion when fully mineralized, the canalicular network is used to transport nutrients to osteocytes and export their secretory products. In terms of mechanosensor concept, the most characteristic feature of osteocytes is their location inside the bone matrix and their connections to other cells via cytoplasmic extensions. This coupling of osteocytes to each other and to cells on the bone endocortical surface allows formation of multicellular syncytium, which could sense changes in bone geometry much more efficiently than single cells.
Osteocytes form cell to cell contacts, called gap junctions, which allow movement of small molecules directly from one cell to another with a minimal time delay (12) - (15) .
Connexins, which are main molecular components of gap junctions can form complete channels between two cells or may form so called hemichannels for the secretion of specific molecules, like prostaglandins, into the extracellular fluid (16) .
At present we still lack an extensive and detailed global analysis of osteocyte's proteome. However, several proteins typical for osteocytes have been described. Some of them are subsequently expressed in osteocytes during their life cycle. Alkaline phosphatase (ALP) has been reported to be very low in preosteoblasts (17) , is high in osteoblasts and decreases parallel to the differentiation from osteoblast to osteocyte (18) (19) . ALP from osteoblasts is secreted into extracellular matrix in small vesicular structures called matrix vesicles, and it regulates matrix mineralization (20) . Osteocalcin, a small calcium binding protein, is a very specific product of osteoblasts and osteocytes. By using gene knockout technology, osteocalcin has been shown to be a negative regulator of bone mineralization (21) . In addition to osteocalcin, several other proteins typical for osteoblasts are also expressed in osteocytes, such as osteopontin, osteonectin, etc (22) (23) .
Sclerostin is another protein that is expressed exclusively in osteocytes and inhibits mineralization (24) . Osteocytes and cell processes in both cortical and trabecular bone from normal adults showed strong positive staining for sclerostin (25) . Absent of sclerostin results in a high bone mass and a clinical disorder called sclerosteosis (26) (27) . Overexpression of the human sclerostin in mice induces osteoporotic phenotype, with a marked decrease in osteoblast activity (25) . Sclerostin may be one of the osteocyte-derived factors that is tranported to osteoblasts at the bone surface and inhibits bone formation. Since sclerostin expression is highly restricted to osteocytes, it may be a potential target for anabolic drug therapy.
Since all above-mentioned proteins are typical for both osteoblasts and osteocytes, a lot of work has been focused to identify osteocyte specific gene products. Dentin matrix protein 1 (DMP1) is an osteocyte-selective, extracellular matrix-associated phosphoprotein also found in other mineralizing tissues such as enamel, dentin, and cementum (28) (29) . DMP1
belongs to the SIBLING (small integrin binding ligand N-linked glycoprotein) family of extracellular matrix proteins that includes osteopontin, bone sialoprotein, dentin sialophosphoprotein, and matrix extracellular phosphoglycoprotein (MEPE). DMP1 is highly expressed in osteocytes and therefore a good marker for the osteocyte lineage (30) - (32) .
DMP1 is specifically expressed along and in the canaliculi of osteocytes within the bone matrix suggesting a role in osteocyte function. It has been suggested that DMP1 regulates local mineralization processes that are carried out within the lacunae and canaliculi of osteocytes in mature bone, thus keeping the lacunae and canaliculi open to allow bone fluid flow (33) . A function for DMP1 in bone biology may thus be to define the structural, mechanical, and material properties of the canalicular and lacunar wall. The stiffness of this wall could play an important role in detecting and transmitting mechanical signals. At 1986, Nijweide and Mulder developed an osteocyte specific monoclonal antibody Mab OB 7.3 (34) , and in later studies the antigen was revealed to be a product of chicken phosphate-regulating gene with homology to endopeptides on the X chromosome (PHEX) . PHEX is expressed at much higher levels in osteocytes compared to osteoblasts (35) .
Fibroblast growth factor 23 (FGF23) was originally identified using exon prediction programs on chromosome 12p12 genomic DNA sequence from Human Genome Project (36) . It turned out to be a key humoral factor in phosphate homeostasis and skeletogenesis.
Osteocytes are a principal source of circulating FGF23 (37) (38) . There is evidence now for a hormone/enzyme/extracellular matrix protein cascade involving FGF23, PHEX, and MEPE that regulates systemic phosphate homeostasis and bone mineralization (39)(40) . This indicates that osteocytes may have an important role also in the phosphate metabolism of the whole organism.
From the mechanics point of view, bone is a tissue that almost ideally fulfills the mechanical demands. Bones are stiff enough and their strength is adequate for daily usage without fractures. While at the same time, bones are sufficiently light for the movement, adaptable to environmental factors, and are repairable.
Bone is a lamellar composite material (mineral and organic phase) with different type of porosity. Although dimensions of bone microstructure are not always the same in different species and developing stage, there are basically three levels of porosity (according to the size) containing bone fluid within the bone. In human bone, the first and largest pores are around blood vessels, named Haversian canals (Fig 2a) , which are connected by Volkmann's canals (about 6 to 70 µm diameter) (41) . Lacunar-canalicular porosity by which osteocytes obtain nutrients and dispose their products is the second level of porosity (Fig 2b) , and is much smaller (lacunae: about 10 µm diameter; canaliculi: about 400 nm diameter) (42) . The third level of porosity could be observed within the lacunar-canalicular channels (Fig 2c) , where there is a gel-like fiber matrix spacing of approximately 7 nm to fill the pericellular fluid space (43) . With different tracers, the cut-off size of lacunar-canalicular porosity has been shown to be between 6-10 nm for molecular movement from bone capillaries to osteocytic lacunae (44) .
Each osteocyte is enclosed within its mineralized lacuna and has a number of cytoplasmic processes. Immuno-fluorescence microscopy has been used to study chick calvarial osteocytes, showing that single osteocyte has as many as approximately 50 cytoplasmic processes (6) . These processes are arrayed in three-dimensional manner that permits each osteocyte to be connected with several neighbor osteocytes, or even osteoblasts and osteoclasts on the bone surface. The small space between the plasma membrane of cell process and the canalicular wall is filled with bone fluid. Bone structure provides a dynamic flow environment for cells. Pericellular fluid could act as a carrier of mechanical, electrical and chemical signals between the systemic circulation and bone cells. It provides not only nutrients, but also an extracellular network for communication among osteocytes, osteoblasts and osteoclasts.
What are the mechanical signals reaching osteocytes
The mechanical loads applied on bone generate mechanical signals that are sensed at the cellular level. Osteocytes are regarded as the mechanosensory cells that send signals to other bone cells to initiate remodeling. In principle, there are two ways how mechanical signals can reach osteocytes: via extracellular matrix or extracellular fluid (43) , (45)- (47) .
It has been suggested that mechanical loading induces interstitial fluid flow, which results in shear stresses on the osteocyte plasma membrane or deformation of the cytoskeleton in the processes leading to the activation of various intracellular signaling pathways (43) , (48)- (51) . As bone tissue is loaded in vivo, fluid motions along lacuna-canalicular system are dynamic and oscillatory in nature. There is still insufficient quantification of lacuna-canalicular fluid flow actually occurring in vivo. Oscillating flow may be the most appropriate flow regime for in vitro studies, since they are more physiologic than steady or pulsatile flow. However, oscillating flow was much less potent stimulator of bone cells than either steady or pulsing flow when monitored by changes in intracellular calcium concentration (52) . Different fluid flow regimens may produce different results.
Mechanosensitivity of bone cells to oscillating fluid flow maybe modulated by chemotransport or other mechanisms, such as gap junctions (53) . It is hypothesized that multiple mechanosensitive mechanisms are present in bone cells and that these mechanisms are activated at different levels of stimulus. In another aspect, osteocytes can be stimulated by direct deformation via mechanical stimulation of the perilacunar bone matrix. Loading induced strain in bone can be mediated to osteocytes via extracellular matrix -cell plasmamembrane interactions. Long cellular processes inside the canalicular system and their interactions to each other and to the wall of the canaliculi favor detection of even minor changes in the internal geometry of bone. Thus it is likely that a driving force for the development of syncytium cellular structure during the evolution has been enhanced mechanosensitivity. In the experimental in vitro studies, several types of mechanical stimuli of plasma membrane have been applied in addition to fluid flow, one being direct deformation by micromanipulators or microneedles (54) .
Concerning sensitivity to mechanical stimulation, the cells have been considered to be less responsive to direct strain than to fluid flow (45) . Cells were subjected to so-called physiological strain that was defined as macroscopic surface strain on bone. However, local strain level around osteocytes cannot be determined by macroscopic estimation, and recent microscopic strain measurement (55) and finite element analysis (56) showed that local tissue strain around osteocyte lacunae was significantly greater than the macroscopic strain, which means osteocytes have a potential to show much greater respond to direct deformation in microscopic levels.
In Fig 3, we have shown a flow chart of mechanotransduction in bone tissue. In the following chapters we will shortly discuss about each specific item of mechanotransduction.
How osteocytes sense mechanical loading induced signals
Adaptation of tissue to mechanical loading can happen only if cells in the tissue modulate their activities due to loading. In order to induce adaptation to mechanical stimulus, cells must finally undergo changes of gene transcription. In multicellular tissues, the target cells of mechanical loading may not be the actual effector cells, which are responsible for tissue remodeling. In case of osteocytes, this is most likely the case. Osteocytes sense the mechanical loading, and translate it into "chemical language" for the effector cells. Several studies have suggested that osteocytes execute their mechanosensory function by the transduction of mechanical loads into biochemical signals capable of influencing osteoblasts and osteoclasts (57) - (59) .
It is still not exactly clear how the physical stimulus being converted into the cellular responses. There are several different possibilities and most likely more than one is operating also in osteocytes. Several adhesion proteins such as integrins can mediate strain of extracellular matrix to intracellular signaling pathways. In addition, cells may sense fluid flow by their stress induced ion channels, gap junctions and primary cilium (60) (61) . In Fig 4, we have outlined potential molecular targets of loading and their downstream signaling pathways.
Cells use specific transmembrane receptors, such as integrins, to mechanically couple their cytoskeletal network to extracellular matrix (62) . Integrins are transmembrane proteins that made up of two heterodimers α and β. They bind to extracellular matrix on the outside of cells, and are linked to actin cytoskeleton via intracellular β-subunit at specialized sites known as focal adhesions. Intracellular β-subunit interacts with molecules such as vinculin, talin, paxillin, and α-actinin. Cell stimulating forces were mediated by this integrin-cytoskeleton complex and transduced through the cell membrane in both direction: binding of ligands to integrins, transmits signals into the cell and results in cytoskeletal re-organization, gene expression and cellular differentiation; on the other hand, signals from the cell can also be propagated through integrins and regulate integrin ligand-binding affinity and cell adhesion (63) (64) . Among various integrins, α V β 3 integrin was reported to be upregulated by mechanical strain in osteoblasts. This type of integrin is also highly expressed in human osteocytes. Miyauchi et al. studied on rat primary osteocytes, and suggested that interaction between α V β 3 integrin and extracellular matrix influenced mechanosensing (65) . Moreover, focal adhesion-related protein, vinculin, provides an important signal transduction route in osteocytes. Differences in expressing portion of vinculin have been reported between chick calvarial osteocytes and osteoblasts and osteocytes made contact with the extracellular matrix via small attachment points which colocalized with vinculin (66)(67) . This finding could explain the different sensitivity of cell types to mechanical stimulation. Actin-binding protein fimbrin is also play a prominent role especially in osteocytic cell processes (68) .
Cells may also utilize other cell surface molecules to sense mechanical stimulus, for example ion channels, G-proteins, and P2 receptors. Mechanosensitive or stretch-activated ion channels have been identified in osteoblasts (69) - (71) , and were also found in chicken and rat primary osteocytes (72) . They demonstrated that stretch loading by swelling rapidly increased Ca 2+ influx, mainly along the cell processes, which leads to consequent intracellular responses. It was also demonstrated that ATP signaling through P2X7 receptor is necessary for mechanically induced release of prostaglandins by osteoblasts and osteocytes (73) .
One potential mechanism how external force, for instance fluid flow, can induce cellular events is via primary cilium. Primary cilium is a single elongated microvillar projection found on the surface of most terminally differentiated cells, like chondroblasts and osteoblasts (74) . Malone et al. reported that osteocytic cell line MLO-Y4 deflected its primary cilium during fluid flow and increased cyclooxygenase2 (COX2) gene expression independently of Ca 2+ flux and stretch-activated ion channels (75) . However, the COX2 expression was inhibited by abrogating primary cilium, which indicates important role of primary cilium as a mechanosensing structure. Our preliminary results have indicated that mouse primary osteocytes also contain primary cilia. Osteocytes form three-dimensional cellular network in the mineralized bone matrix. Gap junctions are transmembrane channels that link the cytoplasms of adjacent osteocytes. Both isolated primary osteocytes (14) (15) and osteocytic cell line MLO-Y4 (13) can also form cell-to-cell contact with functional gap junctions in vitro. Mechanical stimulation has been shown to increase expression of connexins, a major molecular component of gap junctions, in vitro and in vivo, thus suggesting that mechanical stimulation may enhance cell-cell communication via gap junctions (16)(76) . Whatever is the signaling pathway, which mechanical stimulus induces, it must either lead to the immediate release of existing signaling molecules or should lead to modifications of gene transcription in order to induce more delayed responses.
How molecular sensors induce and propagate signaling further inside osteocytes
Mechanochemical conversion may occur simultaneously at several sites inside tissues or may originate from a single sensory cell. At present we do not know if all osteocytes are similarly responding to mechanical stimuli or if there is a population of osteocytes, which is more sensitive to loading. Very little is known what potential sensor mechanisms are operative in osteocytes, since the research so far has been concentrated to detect changes in the intracellular mediators of signal transduction.
One of the first intracellular signaling pathways linked to mechanotranduction is intracellular calcium signaling, which is an important mechanism in many cellular processes (77) . Loading induced rapid change in cytoplasmic calcium concentration could be due to release of calcium from the intracellular pool (78) . The conclusion that intracellular calcium signaling is an important mediator of mechanical loading is supported by the observations that mechanical stimulus does not induce mechanically regulated changes in gene expression when calcium signaling is blocked (79) (80) . The measurement of intracellular calcium transitions is thought to be an useful indicator for evaluating the short term mechanosensory responses in osteocytes (80) . In addition to direct activation of intracellular signaling cascades, influx of a charged species such as calcium can also alter membrane potential and activate voltage sensitive channels, which are not directly mechanosensitive (81) . Intercellular calcium waves are calcium transients that spread from cell to cell in response to different stimuli. Direct cell -cell contacts via gap junctions offers a rapid and efficient spread of signals throughout all osteocytes in the same osteon. Nitric Oxide (NO) is a small and highly reactive molecule, which act as a second messenger exhibiting wide range of physiological and pathophysological effects (82) . Nitric oxide has pleiotropic effects in bone cells, and potently decreases resorption through decreasing osteoclast formation and activity (83) . NO is released from isolated primary osteocytes in response to fluid flow, likely due to activation of endothelial nitric oxide synthase (84) (85) . It has been shown that NO regulates the ratio of RANKL/osteoprotegerin in stromal cells (83) (86) . It is thus possible that NO is one of the major intercellular mediators of loading effects.
How osteocytes regulate bone metabolism
In order to transport loading effects to changes in bone structure and metabolism, osteocytes must somehow be able to regulate, either directly or indirectly, the differentiation and/or function of osteoblasts and osteoclasts, the actual "working cells" in bone. There is now a lot of in vitro evidence and some in vivo evidence, although still rather fragmentary, that this really happens. In addition, it is also possible that osteocytes directly modify bone matrix in response to mechanical loading or immobilization. It has been suggested that osteocytes may regulate matrix degradation/synthesis or mineralization/demineralization in their immediate vicinity (87) (88) . However, it is too early to say what will be the actual importance of this mechanism compared to those effects mediated via bone remodeling. Activation of signaling pathways in osteocytes can lead to immediate or delayed responses in osteocytes. Both of these mechanisms are obviously important in the regulation of osteoclasts and osteoblasts. Immediate responses can take place and used to transmit loading effects to effector cells without immediate transcriptional activity in osteocytes. These effects could be mediated via gap junctions, for instance using rapid intercellular calcium wave. Activation of other cells may also happen by secreting substances that can be formed without transcriptional activity, like NO and some prostaglandins, which are both potent regulators of osteoblastic and osteoclastic activity.
Direct signal transduction via gap junctions is also an example of paracrine type of action. It has been reported that oscillating fluid flow regulates gap junction communication in osteocytic cell line MLO-Y4 by ERK1/2 MAP kinase (89) . In addition to regulating cell-cell communication, connexins can also form regulatory hemichannels between osteocytes and its extracellular environment. Mechanical strain opens connexin 43 (Cx43) hemichannels in both primary osteocytes and cell line for the release of prostaglandin (16) .
New data with MLO-Y4 osteocytic cells demonstrate that hemichannels formed by Cx43 are activated in response to oscillatory fluid flow and are responsible for ATP release (90) .
Study by Cherian et al. has shown that prostaglandin E 2 (PGE 2 ) is directly released through Cx43 hemichannels (16) . While in another report, PGE 2 release is mediated by activation of P2 receptors (90) . It is likely that multiple mechanosensitive mechanisms are present in osteocytes and these mechanisms are activated at different levels of stimulus. Transcriptional activation can lead to enhanced survival of osteocytes or it can induce production of cytokines and growth factors, which can be used as mediators to activate other cells in the immediate neighborhood (paracrine effects) or in longer distance (endocrine effects). The best characterized example of endocrine response is the production and secretion of FGF23, which clearly has remark hormone like effects in kidney (91) . As mentioned earlier, several examples are already available supporting the paracrine function of osteocytes including secretion of NO and PGE 2 , which clearly have strong effects on osteoblasts and osteoclasts. Long term effects of loading will always need modulation of transcriptional activity in osteocytes. Various studies have shown that many different genes are either up-regulated or down-regulated in osteocytes after mechanical loading (92) - (94) .
Altered gene expression of important transcriptional regulators such as c-fos and c-jun are observed in response to mechanical stimulus (95) . It has also been shown that the expression of both DMP1, a promoter of mineralization, and MEPE, an inhibitor of mineralization, are sequentially increased due to loading (33) . This raises the question whether also whole body mineral metabolism could be regulated by mechanical loading (96) . However, we are still missing comprehensive studies of loading effects on gene expression in osteocytes. Now when global analysis of gene expression is possible from various different animal species, it would be interesting to compare effects of different loading patterns on osteocytic gene expression in cortical and trabecular bone.
Osteocytes can regulate bone remodeling at several different stages. Since osteoclasts begin the local remodeling cycle, it has been suggested that osteocytes direct osteoclastic precursors to the resorption site. In principle this could happen either via positive and/or negative regulation. In vivo evidence suggests that reduced mechanical forces lead to increased prevalence of osteocyte apoptosis. These cellular changes initiate a serial of events comprising a transient decrease in bone formation followed by an increase in resorption in the vicinity of the dying osteocytes, leading to loss of bone mineral and strength (97) . We have provided evidence that both rat primary osteocytes and osteocytic cell line MLO-Y4 secrete substances that are inhibitory to osteoclasts. As soon as osteocytes stop secreting these substances, this inhibitory effect disappears and allows osteoclasts to start resorption. In addition, ageing or injured osteocytes may also start to secrete chemotactic signals which attract osteoclasts to the resorption site (98) (99) . For instance, histological observation after fatigue-loading to rat ulnae showed that strong associations between microcracks of bone matrix, osteocyte apoptosis, and subsequent bone resorption (100) . Osteocytic cell line studies also indicated that mechanically damaged osteocytes secreted osteoclast-differentiating factors and locally recruited osteoclastic cells (101) (102) .
Overall, this dual regulation involving both negative and positive signaling would nicely explain bone resorption targeted to the specific sites, or targeted remodeling. Damaged or apoptotic osteocytes (represented by dark-colored cells in the Fig 1a) provide an important role in deciding where osteoclasts start bone resorption.
Osteocytes transmit biophysical signals to osteoblasts by intercellular communications via gap junction (103) (104) . With a coculture system of osteocytic and osteoblastic cell lines mimic in vivo situation, it has been shown that mechanically stimulated osteocytes regulate osteoblast activity (104) . Heino reported that conditioned medium from MLO-Y4 osteocytic cell line, have a stimulatory effect on osteoblast differentiation (105) . Osteocytes produce signaling molecules such as NO, which modulate the activity of bone forming cells, the osteoblasts (57)(106) (107) . A plausible inhibition theory hypothesized by Marotti and Martin suggests that the osteocyte sends an inhibitory signal through its processes to the osteoblasts and bone lining cells, and controls the diminishing apposition rate during refilling of osteonal basic multicellular units (108) (109) . It has been demonstrated that sclerostin is secreted by osteocytes and negatively regulates osteoblastic bone formation by antagonizing BMP and WNT signals (25)(110) . This makes sclerostin as an osteocyte -derived regulator of osteoblastic function. DMP1 is highly expressed in osteocytes as described earlier, it serves physiological function in osteoblasts and regulates bone mineralization (111) (112) . With a novel transgenic model by specific expression of diphtheria toxin (DT) receptor in osteocytes, Tatsumi et al. also demonstrates that osteocytes control osteoclast differentiation indirectly through modulation of RANKL expression in osteoblasts. Their results also support that osteocytes play a crucial role in mechanotransduction (113) .
Conclusion
Present data suggest that osteocytes are the main regulators of the bone remodeling and metabolism. They sense the mechanical loading and transmit the subsequent signals to the effector cells, namely osteoclasts and osteoblasts, modulating bone resorption and bone formation, respectively. Several important questions remain, however, unanswered concerning the details of molecular mechanisms that send and translate the mechanical stimuli into chemical language, which is understood by effector cells. Better insight into the molecular mechanisms would allow us to develop better physical exercise programs and prevent osteoporotic fractures. It will also open new possibilities to develop novel drug therapies for metabolic bone disease using osteocytes as target cells.
